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Studies of e + e Collisions with a Hard Initial-State Photon at BaBar 
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We present preliminary BaBar measurements of hadronic cross sections in e + e~ annihilation using 
the radiative return technique. The cross sections for e + e~ — > pp, 3(7r + 7r - ), 2(7r + 7r~)27r°, and 
K + K~ 2{jv + -k~ ) are measured. Measurements of the proton form factor and of the ratio Ge/Gm 
' are also shown. 
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In recent years, precise new results in low-energy hadronic cross sections have been obtained at high-luminosity 
e + e~ machines using the radiative return technique. The cross section for e + e~ — > ix + ir~ has been measured by 
the KLOE collaboration fijjwhile those of e + e~ — ► 7r + 7r~7r°, 7r + 7r~7r + 7r~, K + K~K + K~ and K + K~n + 7r~ have 
£NJ . been measured by BaBar 0, • These measurements are of particular interest since they provide input to data-driven 
calculations of hadronic contributions to the muon anomalous magnetic moment, a^ ad , and of the running of the QED 

coupling constant Acn^, which appears in global fits to the standard model. As a continuation of this program, 
] preliminary BaBar measurements for the pp, 3(7r + 7r~), 2(tt + tt^)2tt , and K + K~2(ir + ir~) final states are presented 
■^j- ■ here. The pp and six-hadron results are based on 240 fb^ 1 and 232 fb^ 1 of data respectively. 
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II. RADIATIVE RETURN 

The radiative return method uses the emission of an initial-state photon to probe center-of-mass energies sfp below 
the nominal collision energy y/s. The emission of a photon of energy E 1 in the center-of-mass frame corresponds to 
the production of a recoiling system with s' = s — E 1 . Cross-section measurements can therefore be obtained over 
Oh. a wide range of center-of-mass energies without varying the beam energy, thereby avoiding the usual point-to-point 
5^ ■ uncertainties associated with discrete measurements. 

At BaBar the range \fp < 4.5 GeV is readily accessible. To reduce backgrounds, events are reconstructed by 
requiring the ISR photon to be detected within the acceptance of the BaBar electromagnetic calorimeter. Since the 
recoiling system is produced as a jet opposite the high-energy photon, the event detection efficiency is only weakly 
dependent on y/s', and measurements down to threshold are possible. The efficiency also does not depend strongly 
' on the simulation of the hadronic final state. 

At first order the cross section for an ISR process with a photon polar angle acceptance of Q m % n < d 1 < ir — B m in 
in the center-of-mass frame is 

' log I , """"""" - (1 - x)cos6 min ) o- e+e -^ x (s(l - a;)) (1) 



dx 7T x(l — X) 

where x = 1 — s'/s. A kinematic fit is used to measure s' and reject backgrounds. Cross sections are normalized using 
the process e + e _ — * fi + [i~-f. 

III. THE pp FINAL STATE 

The cross section for e + e~ — > pp is given by 
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FIG. 1: cos6» p distributions for the mass bins [1.877; 1.950] GeV/c 2 (a) and [2.400; 3.000] GeV/c 2 (b). The dashed (dot-dashed) 
curve shows the contribution from the simulated |Gm| 2 (|Ge| 2 ) cross section term; the solid line is the sum of the two terms 
and the points correspond to data, (c) Mass dependence of the ratio \Ge/Gm\- 



a e+e -^(s>) = yjl i\G u (s')\ 2 + -^\G E (s')\ 2 j , (2) 

where m p is the proton mass and Ge and Gm are respectively the electric and magnetic form factors of the proton. 
The factor C accounts for Coulomb interaction in the pp system and has the effect of making the cross section non-zero 
at threshold. 

The detection efficiency for the ISR process is about 17%, with no strong dependence on either the pp invariant 
mass TOpp or the value of \Ge/Gm\- 

The proton helicity angle 6 p in the pp rest frame can be used to separate the |G,e| 2 and |Gm| 2 terms. Their 
respective variations are approximately sin 2 9 P and 1 + cos 2 6 p , with exact expressions obtained from Monte-Carlo 
simulation. By fitting the cos9 p distribution to a sum of the two terms the ratio \Ge/Gm\ can be extracted. This is 
done separately in six bins of m P p. Preliminary results are shown in Fig. ^ and disagree significantly with previous 
measurements from LEAR 

The cross section for c + e~ — > pp is measured and from it we obtain the "effective form factor" G — 

\J\Ge\ 2 + ^m p l s'\Gm\ 2 ■ Preliminary values are shown in Figs. Efa) andEl^b). Results are good agreement with 

existing data, and cover the entire energy range from threshold to 4.5 GeV in a single measurement. The data 
show a clear enhancement at threshold, already observed by LEAR, as well as hints of structures at 2.25 and 
3GeV/c 2 . Apart from these structures, the data agree well with a fit to the perturbative QCD expectation 0,0 
G(m P p) = A/mpplog(r7i 2 -/A 2 ), where A and A are constants determined from the fit, which is shown as the dashed 
curve in Fig. |2fa). 



IV. FINAL STATES WITH SIX HADRONS 



As an extension of the recent ISR measurements of the cross section of final states with four pions or kaons 0] , pre- 
liminary results have been obtained for the six-hadron processes e + e~ — > 3(7r + 7r _ ), 2(7T + 7r _ )27r° and K + K ~2(tt + it~). 
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Mode 


Branching fraction (this work) 


Branching Fraction (PDG) 


J/lp — ► 3(7T + 7T-) 

J/ll> -> 2(7T + 7r-)27r° 
J/^ -> ^+^-2(^+71-) 
^(25) -!■ 2(7r+7r-)27r° 
^(25) -» A" + 7f-2(7r + 7r-) 


(4.40 ± 0.29 ± 0.29) x 10" 3 
(1.65 ±0.10 ±0.18) x 10" 2 
(5.09 ±0.42 ±0.35) x 10" 3 
(5.3 ±1.6 ±0.6) x 10~ 3 
(2.1 ± 1.0 ±0.2) x 10" 3 


(4.0 ± 2.0) x 10" 3 
n/a 

(3.1 ± 1.3) x 10" 3 
n/a 
n/a 



TABLE I: Summary of J/ip and tp(2S) branching fraction obtained from six-hadron final states 

The corresponding cross section distributions are shown in Figs. E^c) , El^d) and^e) respectively. In the 2(tt + tt~)2tt 
mode the data disagree strongly with the DM2 results above 1.8 GeV. Apart from this, the data agrees well with 
existing results, and is considerably more precise. The cross section for K + K~2(ir + Tr~) is measured for the first time. 
Again, the entire energy range from threshold to 4.5 GeV is covered in a single experiment. 

A clear dip is visible at about 1.9 GeV in the 6ir modes. A similar feature was already seen by DM2 in e + e~ — > 
3(7r + 7r~) and by FOCUS Q in the diffractive photoproduction of six charged pions. The cross section distributions 
are fitted using the parametrization used by FOCUS, a sum of a Breit-Wigner resonance shape and a Jacob-Slansky 
continuum 6}. For the 3(7r+7r~) (2(7r + 7r-)27r°) mode, we obtain values of 1880 ± 30 MeV (1860 ± 20 MeV) for the 
resonance peak, 130 ± 30 MeV (160 ± 20 MeV) for the resonance width and 21 ± 14 deg (—3 ± 15 deg) for phase shift 
between the resonance and continuum. The width values differ significantly from the FOCUS result of 29 ± 14 MeV. 

In the 3(7r + 7T - ) channel the resonance structure is surprisingly simple, being well-described by a Monte-Carlo 
simulation featuring a single p° — > ir + ir~ resonance and the other four pions distributed according to phase space. 
However rich resonant structures are observed in the 2(7r + 7r~)27r° channel, with signals for p° — > it + tt~ , p + — > tt + 7t°, 
/o — > 7r°7r° and / O (1270) — > it + it~ in the 2ir combinations, and signals for oj and r\ in ir + ir~ir°. A signal for 
e + e~ — > cij(7r + 7r _ 7r )77(7r + 7r _ 7r ) is also seen, corresponding to a resonant structure in the 6ir invariant mass, as shown 
in Fig. Hp). Fitting the distribution to a Breit-Wigner shape gives a peak position of 1645 ± 8 MeV and a width of 
114 ± 14 MeV, which could correspond to the ui" state reported in our previous analysis of the ir + ir~ir° final state |2|. 
Apart from this structure, which is unique to the 2(tt + tt^)2tt° mode, the ratio of the 2(7r + 7r~)27r° and 3(7r + 7r~) 
cross sections is remarkably constant over the entire energy range, at a value of 3.98 ± 0.06(stat.) ± 0.41(syst.). In the 
K + K~2(ir + ir~) final state, a signal for <\> — > K + K~ is seen, with a significant contribution from J/ip — ► 07r + 7r _ 7r + 7r _ . 
Signals for K*° —> K + ir~ are also present. Finally, the observed J/ip and ip(2S) signals can be used to extract 
branching fraction measurements which, in many cases, considerably improve over current world averages. These 
results are summarized in Table [I] 

V. CONCLUSION 

The program to measure low-energy hadronic cross sections using ISR is well underway at BaBar. In addition to 
the published results for ir + ir~ir°, 2(ir + ir~), K + K~7t + it~ and 2(K + K~), we now have preliminary results for the 
3(7r + 7r~), 2(7r + 7r~)27r°, K + K~2(tt + tt~) and pp modes, with analyses ongoing for the final states ir + ir~, K + K~, 
7r+7r-7r°7r°, r), r]' , and £>W.dM. 
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FIG. 2: (a) Effective proton form factor versus m P p; (b) Close-up view of the threshold region. Cross section distributions versus 
6h invariant mass for (c) e+e~ -> 3(7r + 0> (d) 2(7r + 7r")27r°, (e) K + K-2(-k + tt~), and (f) c+c~ -> w(7r+7r"7r )'f;(7r + 7r"7r ). 
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